Homeostatic proliferation of T cells leads to the generation of effector/memory cells, which have the potential to cause harm to the host. The role of Tregs in the control of homeostatic proliferation is unclear. In this study we utilized mice that either harbor or lack Tregs as recipients of monoclonal or polyclonal T cells. We observed that while Tregs completely prevented cell division of T cells displaying low affinity for self ligands, they had a less marked, albeit significant, effect on cell cycle entry of T cells displaying higher affinity. The presence of Tregs resulted in a lower accumulation of T cells, enhanced apoptosis, and impaired differentiation to a cytokine-producing state. We conclude that Tregs play a major role in the control of homeostatic proliferation.
Introduction
Homeostatic proliferation of T cells, also known as lymphopeniainduced proliferation or, perhaps more appropriately, spontaneous proliferation (1) , is an important property of the adaptive immune system. Proliferation of T cells in lymphopenic conditions, caused by chronic diseases, or treatments such as thymectomy or irradiation, is pivotal to keep a relatively constant number of T cells (2) (3) (4) (5) . Factors that support T cell homeostatic proliferation include MHC-peptide/ TCR interactions and cytokines such as IL-7 and IL-15 (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) .
Previous work has highlighted the importance of TCR signaling in homeostatic proliferation (20) (21) (22) (23) (24) . TCR signaling reflects the intrinsic affinity of the TCR for self peptide/MHC ligands, the ligand density, and the contribution of the coreceptors CD4 or CD8. Ge et al. described that homeostatic proliferation of T cells was only slightly enhanced by weakly reactive self peptides, whereas potent agonistic peptides promoted much more rapid proliferation (21) . Competition experiments between T cells with different TCR affinities for self ligands led Kieper et al. to suggest that the strength of the TCR affinity determines the rate of survival and homeostatic proliferation (24) . Competition experiments were also performed by Kassiotis et al., who determined that at early time points, T cells with higher avidity for self ligands had a competitive advantage. However, this advantage did not lead to the disappearance of the low-avidity T cells, whose frequency reached a plateau at late time points (23) .
Mechanisms that prevent some individual T cell clones from being too dominant are in place. For instance, homeostatic proliferation is limited by the presence of T cells expressing the same TCR or, in a polyclonal setup, by the presence of a large memory polyclonal repertoire (1, (25) (26) (27) .
Homeostatic proliferation occurs in a number of physiological and pathological situations. Newborn (28, 29) and aging individuals support homeostatic proliferation, as do individuals afflicted with chronic infections that alter thymic output or individuals undergoing chemotherapy. A recent finding linking homeostatic proliferation and autoimmunity in the NOD mouse highlights the dangerous effect of producing effector/memory T cells by homeostatic proliferation (30) . In the BB rat and congenic strains, spontaneous diabetes always cosegregates with lymphopenia (31, 32) . Furthermore, it has been reported that homeostatic proliferation contributes to the onset of autoimmune gastritis (33) and influences T cell repertoire in rheumatoid arthritis (34) . In a tumor model, it was shown that the antitumor responses depended on homeostatic expansion of a polyclonal T cell population within lymph nodes (35) . In transplantation, allospecific T cells expanding after lymphoablative treatments were involved in the failure to achieve tolerance (36) .
Tregs are one of the key components of the adaptive immune system (37) (38) (39) (40) (41) (42) (43) , but whether Tregs play an important role in the control of homeostatic proliferation remains controversial (3, 44) . In this study, we used 2 experimental models of mice that either harbor Tregs or lack Tregs to study the homeostatic proliferation of transferred monoclonal or polyclonal CD4 + T cells. We demonstrate that Tregs affect homeostatic proliferation by affecting cell division, the survival of cells that have undergone proliferation, and the functional differentiation into cytokineproducing effector/memory T cells.
OVA/R + mice (46) (47) (48) (49) . This was confirmed using intracellular Foxp3 staining ( Figure 1A and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI25463DS1). The anti-OVA and anti-MBP TCR transgenic systems mentioned above were used in combination, both in MHC haplotype H-2 d/u to create an environment that selects the OVA and the MBP TCR-expressing T cells (48) . Splenocytes from H-2 d/u OVA/R -donors were transferred into H-2 d/u MBP/R -or MBP/R + hosts; reciprocally, splenocytes from H-2 d/u MBP/R -donors were transferred into H-2 d/u OVA/R -or OVA/R + hosts. Interestingly, only OVA/R -recipient mice supported homeostatic proliferation of transferred anti-MBP T cells, whereas OVA/R + mice did not ( Figure 1B) . Similarly, MBP/R -recipient mice, but not MBP/R + mice, supported homeostatic proliferation of transferred anti-OVA T cells ( Figure 1B) . Control experiments in which donor cells from OVA/R -mice were transferred into OVA/R -recipient mice or donor cells from MBP/R -mice were transferred into MBP/Rrecipient mice showed no proliferation (Supplemental Figure 2) , supporting the key role played by intraclonal competition in homeostatic proliferation (25) (26) (27) .
It is important to note that the fraction and absolute number of T cells that express a repertoire encoded by the endogenous TCR genes is very small in TCR transgenic RAG + mice. We showed previously that only about 2% of the T cells in anti-MBP TCR transgenic RAG + mice express endogenous TCR α and β chains, and 10% of the T cells express dual TCRs consisting mostly of the transgenic TCR α and β chains together with a second TCR α chain encoded by the endogenous TCR α locus (50) . Thus, the repertoire encoded by the endogenous TCR loci is reduced by approximately 10-fold in anti-MBP RAG + mice compared with wild-type mice. Despite their highly reduced T cell repertoire, anti-MBP RAG + mice could prevent homeostatic proliferation of OVA/R -cells very effectively.
To assess whether the control of homeostatic proliferation correlated with the control of autoimmunity, a large number of CD4 + T cells (3 × 10 7 ; >95% purity) from H-2 d/u MBP/R + or MBP/Rmice were transferred into nontransgenic H-2 d/u RAG-1 -/-hosts and, after 1 month, a second transfer was done with CFSElabeled CD4 + T cells from H-2 d/u OVA/R -mice. All mice that received cells from MBP/R -donors developed EAE about 30-50 days after the first transfer, while none of the mice that received cells from MBP/R + donors developed the disease during the observation period (day 80 after first transfer; Figure 2A ). These results confirm our previous findings on the existence of cells with Treg function within the endogenous CD4 + T cell population of MBP/R + mice. Interestingly, when the second (OVA-specific) group of transferred cells was tracked, we observed that anti-OVA CD4 + T cells only proliferated in recipients pre-filled with CD4 + T cells from MBP/R -but not MBP/R + mice ( Figure 2B ). Thus, there is a good correlation between the existence of a Treg population that prevents EAE and the prevention of homeostatic proliferation in the recipient mice.
The mere presence of memory T cells is not sufficient to restrain homeostatic proliferation of T cells of a different TCR specificity. One impor-
tant feature of cells that undergo homeostatic proliferation is the change from naive to memory phenotype. Thus, T cells could transit from one potential niche occupied by naive cells into a niche occupied by memory cells. It has been postulated that the existence of memory T cells could nonspecifically restrain homeostatic proliferation by preventing transferred T cells from entering the niche occupied by memory cells (51) . Since in unimmunized MBP/R + or OVA/R + mice, there is always a fraction of T cells displaying a memory phenotype (52, 53) , it was of interest to determine whether the existence of large numbers of memory T cells could prevent proliferation of naive T cells of a different TCR specificity. Nontransgenic H-2 d/u RAG-1 -/-mice received T cells from H-2 d/u OVA/Rmice. As expected, after 2 months the transferred CD4 + cells had extensively proliferated and acquired a memory phenotype ( Figure 3A) . After 2 months, T cells from H-2 d/u MBP/R -mice were transferred to these hosts. Despite predictions based upon a memory T cell niche model, we observed that pre-filling recipients with anti-OVA memory T cells did not prevent homeostatic proliferation of anti-MBP T cells and their transition into a memory phenotype (CD44 hi ) ( Figure 3B ). It is therefore apparent that the small population of memory T cells present in MBP/R + or OVA/R + hosts could not account for nonspecifically controlling the homeostatic proliferation of naive anti-OVA or anti-MBP T cells; instead, there may be specific properties associated with the cells that suppress homeostatic proliferation.
Control of homeostatic proliferation of monoclonal CD4 + T cells by Tregs.
We have thus far demonstrated that in MBP/R + mice there is population of cells expressing endogenous TCR that prevents autoimmunity and homeostatic proliferation and also that the control of homeostatic proliferation can not be explained by the mere presence of memory T cells in MBP/R + mice; a role for Tregs in controlling homeostatic proliferation is therefore likely. As previously noted, one important difference between TCR transgenic RAG + and TCR transgenic RAG -/-mice is the absence of Tregs in the latter type of mice ( Figure 1A and Supplemental Figure 1 ). In the anti-MBP TCR transgenic system, 100% of MBP/R -mice spontaneously develop EAE, whereas less than 1% of MBP/R + mice do. This protection from EAE is due to Tregs expressing endogenous TCR genes that are present in MBP/R + mice and absent in MBP/R -mice (46, 50, 52) . We have previously shown that transfer of polyclonal CD4 + CD25 -T cells resulted in protection of MBP/Rmice from EAE, and, more recently, we showed that, in monoclonal TCR transgenic systems, there is an IL-2-dependent in vivo conversion of CD4 + CD25 -T cells to CD4 + CD25 + Foxp3 + Tregs (54, 55) .
We therefore sought to determine whether CD4 + CD25 + Tregs could control homeostatic proliferation. Two and a half million CD4 + CD25 + Tregs or CD4 + CD25 -cells were purified from H-2 d/u syngeneic wild-type mice and transferred into H-2 d/u MBP/R -mice. Three days later, CFSE-labeled splenocytes from H-2 d/u OVA/Rdonors were transferred into these H-2 d/u MBP/R -mice. We observed that the homeostatic proliferation of OVA/R -cells was significantly reduced in recipient mice pre-transferred with Tregs compared with mice pre-transferred with non-Tregs ( Figure 3C ). In this short time window (3 days (56) (57) (58) . Although it would have been desirable to use recipient mice with a full T cell repertoire and no Tregs, we could not use non-TCR transgenic sf mice as healthy recipients for our study, due to the fact that they die of severe lymphoproliferative disease at about 3 weeks of age and already show clear physical signs of disease at age of about 2 weeks. By crossing sf mice to TCR transgenic mice, progression of this disease was significantly delayed, allowing a safe time window for our studies. Thus, H-2 b/b .sf mice (59) were crossed to H-2 u/u MBP/R + mice to generate H-2 u/u MBP/R + .sf mice. Due to the limited TCR repertoire, these mice showed no signs of scurfy until age 7-8 weeks, making them suitable recipients that lack Tregs but remain healthy well beyond the duration of our study. In fact, at the young age that we used MBP/R + .sf mice, they displayed none of the typical characteristics of scurfy, showing normal numbers of T cells, normal distribution of activation markers, and no enhanced cytokine production, unlike the nontransgenic sf animals (Supplemental Figure 3 , A-C). Furthermore, MBP/R + .sf mice have a TCR repertoire encoded by the endogenous TCR loci that is similar to that of MBP/R + mice, except that they lack Tregs (Supplemental Figure 3D) .
CFSE-labeled polyclonal CD4 T cells from wild-type H-2 u/u . Thy1.1 mice were transferred into H-2 u/u MBP/R + mice, which have endogenous Tregs, or into H-2 u/u MBP/R + .sf mice, which lack endogenous Tregs. Seven days after transfer, only a small percentage of donor-derived cells in MBP/R + recipient mice had entered cell cycle and diluted their CFSE, whereas a much higher percentage of donor-derived cells became CFSE low in MBP/R + .sf recipients ( Figure 4A) ; at day 12, the percentage of cells in the CFSE low population was also higher in the MBP/R + .sf mice than in the MBP/R + mice ( Figure 4B ). Importantly, the non-lymphopenic MBP/R + .sf mice and lymphopenic TCRαβ -/-mice showed a similar fraction of CFSE low cells ( Figure 4B ). When the absolute number of donor-derived cells recovered from MBP/R + .sf and MBP/R + host mice was compared, there were about twice as many cells of donor origin in MBP/R + .sf mice than in MBP/R + mice ( Figure 4C ). These results clearly indicated that Tregs could suppress homeostatic proliferation.
Studies of the behavior of AND TCR transgenic T cells, which display an unusually high homeostatic proliferation, led Barthlott and coworkers to propose that T cells with high homeostatic expansion potential (CD5 hi ; see below) could regulate the expansion of naive T cells, irrespective of markers commonly associated with Treg functions (51) . We therefore determined whether MBP/R + mice contained more CD5 hi T cells than MBP/R + .sf mice, thus explaining the efficient control of homeostatic proliferation in MBP/R + host mice without the need to invoke a role for a professional Treg population. Importantly, the T cell population encoded by endogenous TCR loci (transgenic TCR clonotype negative) in MBP/R + .sf mice expresses high levels of CD5, comparable to the endogenous T cell population in MBP/R + mice ( Figure 4D ). In both MBP/R + and MBP/R + .sf mice, the endogenous T cell population expresses levels of CD5 higher than the transgenic T cell population ( Figure 4D ). Regarding the frequency of the endogenous T cell population, at the beginning of the experiment, when animals were about 3 weeks of age, it was similar in both types of mice and remains so until the end of the experiment 12 days later (Supplemental Figure 3C) . Eventually, in old (7-8 weeks) MBP/R + .sf mice, the peripheral endog- enous T cell population outnumbers the population of equivalent cells in MBP/R + mice and even outnumbers the transgene-encoded MBP-specific cells. Thus, combining the frequency of T cells encoded by endogenous loci with their expression of CD5, it is clear that there are comparable numbers of CD5 hi cells in both types of mice, despite the fact that one type of recipient mice effectively controls homeostatic proliferation, while the other fails to do so ( Figure 4A ). These results strengthen the argument that professional Tregs are involved in the control of homeostatic proliferation.
In summary, Tregs present in MBP/R + mice are capable of completely preventing homeostatic proliferation of 2 monoclonal populations of T cells and have a robust albeit incomplete control of the expansion of a polyclonal population of T cells. The reasons for this leakiness in Treg-mediated control of polyclonal T cell homeostatic proliferation were subsequently addressed.
T cells bearing high-affinity TCRs proliferate more than T cells bearing low-affinity TCRs in the presence of Tregs.
It has been shown that TCR signaling is indispensable for transferred naive cells to transit into memory phenotype upon homeostatic proliferation (19) . We therefore sought to determine whether the differences in the capacity of Tregs to control homeostatic proliferation of polyclonal versus monoclonal cells were related to the TCR avidity of the expanding cells. It has been shown that the level of CD5 expression reflects the avidity of TCR-ligand interactions (24, 60, 61) . We therefore transferred CFSE-labeled polyclonal CD4 + T cells into MBP/R + recipients and assessed the level of CD5 expression in the CFSE hi and CFSE low populations. Donor-derived CFSE low cells expressed a higher level of surface CD5 than CFSE hi cells (mean fluorescence intensity, 568 vs. 274; Figure 5A ). It has been previously shown that sorted CD5 hi cells expand more than CD5 low cells in sublethally irradiated recipients (61) . It was therefore possible that the monoclonal T cell populations expanded less because they expressed low-avidity TCRs. Indeed, when the level of surface CD5 expression was analyzed in fresh H-2 d/u anti-OVA T cells, H-2 d/u anti-MBP T cells, and H-2 d/u CD4 + wild-type T cells, we observed that both anti-OVA and anti-MBP T cells expressed levels of CD5 that were at the lowest end of the CD5 expression curve displayed by polyclonal T cells from wild-type mice ( Figure 5B ). The correlation between avidity of TCR-ligand interaction and CD5 expression level predicts that a particular T cell would express lower levels of CD5 if it develops/lives in the presence of lower levels of self ligands. To confirm this prediction, we determined the level of CD5 expression of H-2 d -restricted OVA-specific T cells obtained from H-2 d/d mice (self ligands in homozygosity) and H-2 d/u mice (self ligands in heterozygosity). As expected, CD5 expression was higher on T cells obtained from homozygous H-2 d/d mice, despite the fact that T cells from both mice express identical TCRs and, by virtue of having the same C57BL/10 genetic background, both express the same set of genes, with no polymorphisms between them. Similarly, CD5 expression levels were higher on MBP-specific T cells obtained from homozygous H-2 u/u mice than H-2 d/u mice ( Figure 5C ).
The results shown thus far suggested that Tregs could completely control the homeostatic proliferation of low-avidity T cells and incompletely that of high-avidity T cells. In order to demonstrate this point, polyclonal CD4 + T cells from Thy1.1 donors were sorted into CD5 hi (high TCR avidity) and CD5 low (low TCR avidity) populations, labeled with CFSE, and transferred into non-lymphopenic Treg-harboring MBP/R + mice or non-lymphopenic Treg-lacking MBP/R + .sf mice. Analysis of CFSE dilution 12 days after transfer showed that, in MBP/R + recipient mice, CD5 hi donor-derived cells proliferated more than their CD5 low counterparts, with about twice as many cells from the CD5 hi population becoming CFSE low ( Figure 5D ). In Treg-deficient MBP/R + .sf recipient mice, however, there was extensive proliferation of both CD5 hi and CD5 low T cells ( Figure 5D ). Thus, the role of Tregs in controlling homeostatic proliferation was more prominent in low-TCR-avidity T cells than in high-TCR-avidity T cells, explaining the differences between the total suppression of proliferation of monoclonal MBP- and OVA-specific TCR transgenic H-2 d/u cells and the milder, albeit significant, effect on total CD4 + cells.
Enhanced apoptosis of donor-derived T cells in recipient mice that have Tregs. Although homeostatic proliferation of transferred polyclonal CD4 T cells can be detected in recipient mice that harbor Tregs, the number of donor-derived cells recovered form hosts that have endogenous Tregs was much lower ( Figure 4C) .
Part of the controversy surrounding whether or not Tregs play a role in the control of homeostatic proliferation could be that the effect of Tregs on cell division entry, as measured by CFSE dilution, may not be as dramatic as the effect of Tregs on donor-derived cell accumulation, as measured by counting the expanded cells. As we showed above, the effect on CFSE dilution is very clear on CD5 low cells but less marked on CD5 hi cells.
A possible reason for the discrepancy between cell division data and cell accumulation data is that Tregs could also affect the survival of transferred T cells. We addressed this issue by performing TUNEL analysis and annexin V expression analysis. Donor CD4 + Thy1.1 T cells were transferred into MBP/R + or MBP/R + .sf hosts, and, 3 days later, lymph nodes were cut for TUNEL in situ analysis. At this early time point, virtually no cell division of donor-derived cells had taken place. A higher number of TUNEL-positive Thy1.1 + donor-derived T cells could be noted in MBP/R + recipients than in Treg-deficient MBP/R + .sf recipient mice ( Figure 6A) .
In order to better quantify the frequency of apoptotic T cells, a similar experiment was performed in which fewer T cells were transferred and quantification was carried out at day 12. As at the early time point, many more donor-derived cells were positive for TUNEL staining in MBP/R + hosts than in MBP/R + .sf hosts ( Figure 6B ). Quantification of donor-derived TUNEL + cells showed 27% in MBP/R + recipient versus only 4% in MBP/R + .sf mice ( Figure 6C ). In agreement with the TUNEL data, about 40% of donor-derived cells were positive for annexin V in MBP/R + hosts, compared with only about 20% in MBP/R + .sf recipients ( Figure 6D) . Results from both methods indicate that more donor-derived cells died by apoptosis in presence of host Tregs, an observation that, together with the differences in cell division entry, explains the different number of cells of donor origin recovered from hosts with or without Tregs.
Tregs dampen down functional naive-to-effector/memory CD4 + T cell differentiation. Phenotypical changes that occur on CD4 T cells upon
homeostatic proliferation include upregulation of CD44 surface expression and secretion of cytokines such as IL-2, IFN-γ, and IL-4 after restimulation (62, 63) . Our data showed that many more donor-derived CFSE low cells accumulated in hosts without Tregs ( Figure 4C ), and these cells were also CD44 hi (data not shown). It was therefore of interest to determine whether there was also a qualitative difference between memory T cells in the different hosts. In order to study this issue, CD4 + Thy1.1 T cells were transferred into MBP/R + hosts or MBP/R + .sf hosts, and, 12 days later, the production of cytokines (IL-2, IFN-γ) by donor-derived cells was determined by intracellular staining. There was a dramatic increase in the frequency of CFSE low cells that produced IFN-γ and IL-2 in MBP/R + .sf hosts compared with MBP/R + hosts ( Figure 7 ). As expected (64, 65) , in both groups, the CFSE hi population produced very small amounts of cytokines ( Figure 7) . These results support a role of Tregs in controlling the homeostatic proliferation-driven functional differentiation of naive to effector/memory cells.
Discussion
In the present study, we established the key contribution of Tregs in controlling homeostatic proliferation. For T cells bearing TCRs with low avidity for self ligands, the effect of Tregs
Figure 4
Tregs control the expansion of polyclonal CD4 + T cells. 1 × 10 7 CFSE-labeled splenocytes from Thy1.1 H-2 u/u C57BL/10.PL mice were transferred into Thy1.2 H-2 u/u MBP/R + (n = 9) and Thy1.2 H-2 u/u MBP/R + .sf (n = 9) mice. Seven (n = 4) or 12 (n = 5) days after transfer, single-cell suspensions from peripheral lymph nodes were made, and cells were counted and stained for FACS analysis. was manifested as blocking of entry in cell division, whereas for T cells bearing TCRs with high avidity for self ligands, the effect of Tregs was manifested as interfering with differentiation of transferred cells from naive to memory phenotype; in addition, in the presence of Tregs, there was more apoptosis of transferred CD4 + T cells and a reduced differentiation to cytokine-producing effector/memory cells.
The role of Tregs in controlling homeostatic proliferation is controversial (3, 44) . Annacker and coworkers injected RAG -/-recipients with naive T cells alone or together with purified CD4 + CD25 + Tregs. Irrespective of the presence or absence of Tregs, the majority of the naive T cell-derived cells were CFSE negative (i.e., divided ≥7 times) 12 days after injection: 97% were CFSE negative when injected alone, whereas 78% were CFSE negative when coinjected at a 1:1 ratio with Tregs (66) . Similarly, Almeida et al. observed that 10 days after injection, 95% of naive T cell-derived cells were CFSE negative when injected alone compared with 63% when coinjected at a 1:5 ratio with Tregs (67).
McHugh and Shevach performed similar CFSE dilution experiments and observed no difference in the proliferation of CD25 -cells when injected alone into nude recipient mice or coinjected with CD4 + CD25 + cells at a 1:1 ratio, leading to the conclusion that Tregs were not important in controlling homeostatic proliferation (33) . A different conclusion was reached by Ge et al. using a T cell-dendritic cell in vitro coculture system. These authors observed a role for CD4 + CD25 + Tregs in controlling CFSE dilution of cocultured CD4 + CD25 -cells (68) . Finally, Prlic et al. described that CD25 + subset depletion in vivo failed to impact DO11.10 T cell homeostatic expansion (69) . However, DO11.10 cells can also upregulate CD25 upon homeostatic expansion, and the number of CD4 + CD25 + Tregs returns to normal after antibody clearance, reducing the period of time in which there are few Tregs and sufficiently little anti-CD25 antibody remaining to prevent interference with DO11.10 cell expansion.
Anderson and colleagues noticed that chronic GVHD in minor histocompatibilty antigen-mismatched mice was more severe in RAG2 -/-and in DO11.10 RAG2 -/-mice than in DO11.10 RAG2 + mice (70) . They also observed that CD4 + CD25 + Tregs were capable of protecting hosts from chronic GVHD. These results are very consistent with our data. Although the authors suggested that it was unlikely that the protective effect of CD4 + CD25 + Tregs in cGVHD was due to suppression of homeostatic proliferation, their article did not experimentally address this point.
Recently, it was described that the cell division of naive T cells and accumulation of CD44 hi T cells was dependent on the repertoire diversity of preexisting CD44 hi cells, which correlated with the number of total T cells used to pre-fill the recipient mice (1). The authors concluded that CD25 + Tregs were not responsible for the homeostatic regulation, since, upon parking of different initial numbers of CD4 + CD25 + T cells, the number of cells derived from Tregs was independent of the absolute number of transferred CD4 + CD25 + cells (1). Other authors, however, showed that a key parameter is the initial ratio of CD4 + CD25 + T cells to naive T cells, rather than the absolute number of cells (67) . Our previous studies indicated the importance of the TCR specificity in the generation of Tregs, as TCR transgenic T cells with MBP specificity did not naturally develop a suppressive phenotype (46, 48, 50) . Thus, transfer of too small a number of Tregs could result in a limited Treg repertoire that is impaired in the ability to reduce homeostatic proliferation, similarly to what was shown to occur with total T cells (1) . Another possibility is that many cells that were originally CD4 + CD25 + could have lost CD25 and Foxp3 expression as well as regulatory functions upon homeostatic proliferation (55) .
Our analysis of monoclonal T cells with low avidity for self ligands (as determined by CD5 expression levels) or sorted polyclonal CD5 low cells showed that CFSE dilution of these cells was dramatically blocked by Tregs. In contrast, the effect of Tregs on CFSE dilution of CD5 hi cells was subtler. Thus, Tregs can block almost completely the division of T cells that display low avidity for self ligands, but cells with high avidity for self ligands enter cell cycle despite the presence of Tregs. It is possible that the threshold of TCR avidity that is permissive for cell division is higher in recipient mice that harbor more Tregs than in recipient mice that harbor fewer Tregs. Therefore, a particular CD5-intermediate T cell clone would not divide in animals that have a large number of Tregs but would divide in animals that have fewer Tregs.
One of the limitations of the CFSE technique is that it cannot reliably determine the number of rounds of division greater than 7-9 or so; therefore, it remains possible that the number of division rounds undergone by donor-derived cells is more affected than what the CFSE data show. Another reason that we observed a more pronounced Treg effect than other investigators is that, in almost all of our experiments (except those shown in Figure 3C , which were confirmatory), we employed an experimental situation in which a steady-state number of Tregs was present in the host, rather than coinjection of both naive cells and Tregs in a situation of lymphopenia. Sorted CD4 + CD25 + T cells are coated with antibody and/or beads, and it is not completely clear how this situation affects the fate of injected cells, particularly at early time points. 
Figure 7
Endogenous Tregs reduce the functional differentiation of transferred polyclonal CD4 + T cells. 1 × 10 7 CFSE-labeled splenocytes from Thy1.1 H-2 u/u C57BL/10.PL mice were transferred into Thy1.2 H-2 u/u MBP/R + (n = 7) and Thy1.2 H-2 u/u MBP/R + .sf (n = 4) mice. Twelve days after transfer, single-cell suspensions of spleen cells were stained for surface markers and intracellular cytokines. Cells were stimulated with PMA (100 ng/ml) and ionomycin (250 ng/ml) for 6.5 hours in vitro, and monensin (3 nM) was added in the last 3. When donor-derived T cell accumulation was studied, we found that Tregs caused a significant reduction in cell accumulation, in agreement with previous reports (66, 67) . This accumulation of donor-derived cells in the absence of Tregs could be at least partially explained by our results showing cells dying by apoptosis in hosts that have Tregs (Figure 6 ), which supports a property of Tregs that had not been shown in vivo up till now. The mechanism of the induction of apoptosis could be perforin dependent, as recently described for in vitro-activated, but not fresh, human Tregs (71), or granzyme B dependent, perforin independent (72) .
The transition from naive to memory T cells by homeostatic proliferation is dependent on TCR signaling (19) . Despite earlier disagreements regarding the functionality and stability of effector/memory T cells generated by homeostatic proliferation (73, 74) , it has become increasingly apparent that, without exogenous antigen immunization, T cells that underwent homeostatic proliferation could become fully functional memory/effector cells (62, 63, (75) (76) (77) . One fundamental property of memory T cells different from naive T cells is that they could mount a more rapid and pronounced response (78, 79) , as shown by a rapid proliferation and cytokine secretion upon restimulation. These properties make homeostatic proliferation-derived memory T cells effective but dangerous if their function is not properly controlled. Therefore, it is important that Tregs are also involved in the control of homeostatic proliferation.
It has been postulated that a specialized population of Tregs is not required to control autoimmune diseases. In a homeostatic proliferation-induced inflammatory bowel disease (IBD) model, it was shown that unrelated (pigeon cytochrome c-specific) T cells could prevent IBD; protective capacity correlated to the expression of TCRs with high avidity for self ligands and not with the expression of markers usually associated with Tregs (51). However, our results showed that the presence of high-avidity (CD5 hi ) cells was not sufficient to prevent homeostatic proliferation, as MBP/R + .sf mice could not control homeostatic proliferation in spite of the fact that they harbor a population of CD5 hi cells that is of a size similar to - if not larger than - the population in MBP/R + mice, which is much less permissive for homeostatic proliferation. Evidence favoring a role for specialized Tregs also comes from the MBP/R + and MBP/R -mouse model, in which we showed that a very small endogenous CD4 + T cell population could prevent both EAE and homeostatic proliferation. Furthermore, the onset of disease in MBP/R -mice could not be prevented by rapid expansion of T cells bearing an unrelated TCR specificity (48) . Most importantly, the finding of the transcription factor Foxp3, which is pivotal in the development of naturally occurring Tregs, confirms the existence of a special program associated with Treg function (56) (57) (58) . It has become increasingly apparent that, under some circumstances, peripheral non-Tregs can be induced in vivo to acquire phenotypic and functional properties indistinguishable from naturally occurring CD4 + CD25 + Foxp3 + Tregs (55, 80, 81) . Furthermore, it has been long known that Tregs displaying various phenotypic differences in relation to naturally occurring Tregs can be elicited in vivo and in vitro (reviewed in refs. 40, 43, 82) . It is therefore important to mention that we have only tested naturally occurring Tregs in this article.
In conclusion, our results show that Tregs have a major impact on homeostatic proliferation of T cells. The effect of Tregs is manifested as blockade of cell division entry, inhibition of effector cell differentiation, and induction of cell death.
Methods
Mice. MBP-specific TCR transgenic mice (46) and DO11.10 OVA-specific transgenic mice (45) with or without functional RAG genes have been previously described (48) . All mice used in intra- and inter-clonal competition experiments were on a C57BL/10 background and MHC H-2 d/u . All MBP/R -mice used in experiments were younger than 1 month old and EAE free. Female heterozygous sf mice on a C57BL/6 background (B6.Cg-Foxp3sf/J) were purchased from the Jackson Laboratory and backcrossed 4 generations to C57BL/10.PL H-2 u/u male MBP/R + mice. Carrier heterozygous females were identified by PCR as recommended by the Jackson Laboratory. H-2 u/u MBP/R + sf males (MBP/R + .sf ) did not develop signs of scurfy or EAE for 7 weeks and were transferred with T cells at about 15-17 days of age. B6.Thy1.1 animals were purchased from Jackson Laboratory and crossed with C57BL/10.PL or C57BL/10.D2 mice to yield H-2 u/u and H-2 d/u Thy1.1 mice on a C57BL background. Nontransgenic C57BL/10 H-2 u/u TCRα -/-β -/-mice were generated by backcrossing TCRα -/-β -/-mice (83) with C57BL/10.PL mice for more than 10 generations. All mice were kept under specific pathogen-free conditions in individually ventilated cages (Thoren Caging Systems Inc.) at the Skirball Institute Central Animal Facility, New York University Medical Center. All procedures involving animals were approved by the New York University School of Medicine Institutional Animal Care and Use Committee.
Antibodies. Anti-MBP TCR clonotypic antibody (3H12) was generated in our laboratory as described previously (50) . Anti-OVA TCR anti-clonotypic antibody (KJ1.26) was purchased from CALTAG Laboratories. The antiFoxp3 antibody was purchased from eBioscience. All other antibodies were purchased from BD Biosciences - Pharmingen.
Cell purification and sorting. Single-cell suspension of mouse splenocytes was used for purification of CD4 + cells by negative selection. Briefly, cells were stained with a cocktail of FITC-conjugated anti-CD8, -B220, -CD11c, -CD11b antibodies, followed by anti-FITC beads (Miltenyi Biotec). CD4 + cells were collected after passage through a VarioMACS magnetic sorting column (Miltenyi Biotec). Typically purity was greater than 95%.
For CD5 hi and CD5 low cell purification, CD4 + cells were prepared as described above; cells were then stained with PE-conjugated anti-CD5 antibody, and the highest and lowest 30% populations according to CD5 staining were sorted using a MoFlo cytometer (DakoCytomation), at at least 99% purity.
CFSE labeling. CFSE (Molecular Probes; Invitrogen Corp.) was added to the cell suspensions (1 × 10 7 cells/ml) at a final concentration of 3 µM, 37°C, for 10 minutes; then reaction was stopped with FCS at a final concentration of 10%, and cells were washed twice with PBS and injected intravenously.
FACS analysis. Lymph nodes and spleens from recipient mice were made into single-cell suspensions in staining buffer (PBS containing 2% FCS and 0.1% NaN3). Cells were filtered and stained for 45 minutes at 4°C with the antibody cocktails. Samples were analyzed in a FACScalibur instrument (BD). All analysis was based on a live lymphocyte gate. Forward scatter and side scatter were plotted on a linear scale, whereas all fluorescent channels were plotted on a logarithmic scale.
For annexin V analysis (84) , samples were stained with monoclonal antibody cocktails as described above, and, after washing, samples were incubated in a buffer solution containing Ca 2+ (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2) and annexin V-PE (BD Biosciences - Pharmingen) for 10 minutes at 4°C, in the dark. All samples were analyzed in a FACScalibur, as described above.
For intracellular cytokine staining, cells were stimulated with PMA (100 ng/ml) and ionomycin (250 ng/ml) for a total of 6.5 hours at a concentration of 1 × 10 6 cells/ml. In the last 3.5 hours, monensin (3 µM) was added, cells were fixed and permeabilized with Cytofix/Cytoperm (catalog 554722), and stained with PE-conjugated mAbs to IL-4, IFN-γ, and IL-2 (all from BD Biosciences - Pharmingen).
For anti-Foxp3 staining (catalog 72-5775-40; eBioscience), samples were first stained with the antibody against the relevant surface markers, then permeabilized with Cytofix/Cytoperm at room temperature for 20 minutes, followed by another round of permeabilization with 1% paraformaldehyde plus 0.5% Tween-20 in PBS at room temperature for 30 minutes, then stained with anti-Foxp3-PE antibody at room temperature for 45 minutes.
In situ apoptosis. TUNEL assay (85) was performed. Slides containing 5-µm cryosections of lymph nodes were fixed in 1% paraformaldehyde in PBS, for 30 minutes at room temperature. Slides were then washed 3 times with PBS, and a permeabilization buffer (1% vol/vol Triton X-100 and 1% wt/vol of sodium citrate, in deionized and distilled H2O) was added over each slide for 2 minutes, at 4°C. Subsequently, each slide was washed twice, and a labeling solution (In Situ Cell Detection Kit, Fluorescein; Roche Diagnostics Corp.) was added following the manufacturer's instructions. At this point, slides were incubated for 1 hour, at 37°C, in a humidified dark chamber. At the end of this incubation, each slide was washed twice with PBS and blocked for 30 minutes at room temperature with PBS plus 10% normal mouse serum (Cedarlane Laboratories Ltd.) plus Fc Block (BD Biosciences - Pharmingen). After blocking, PE-labeled anti-Thy 1.1 monoclonal antibody (BD Biosciences - Pharmingen) was added, and slides were incubated for 2 hours at room temperature. Finally, each slide was washed again with PBS and mounted with Fluoromount-G (SouthernBiotech). The blocking and labeling were performed in a humidified dark chamber. Images were acquired using SlideBook version 3.0.9.0 software (Intelligent Imaging Innovations Inc.) in a Axioplan 2 Zeiss microscope.
